Bacterial two-component signal transduction systems (TCSs) play a pivotal role in environmental adaptation. In this minireview, two TCSs in Escherichia coli are clarified: the PhoP/PhoQ system, which senses extracellular Mg 2+ and controls the expression of the genes for adaptation to environmental Mg 2+ deprivation (Mg 2+ regulon); and EvgA/EvgS, a signal transduction system that activates expression of the drug efflux pump genes. Furthermore, based on the inhibition of YycF/YycG signal transduction in Bacillus subtilis, a novel strategy for developing a new class of antibacterial agents is described.
In bacteria, signal transduction in response to a wide variety of environmental stimuli is mediated by pairs of proteins that communicate with each other by a two-component signal transduction system (TCS), involving protein phosphorylation (Fig. 1) . The TCS serves as a basic stimulusresponse coupling mechanism to allow organisms to sense and respond to changes in many different environmental conditions 26) . The prototypical system consists of a histidine protein kinase (HK) and a response regulator protein (RR). To date, researchers have found hundreds of TCSs in eubacteria, archaea, and a few eukaryotic organisms. It is beyond the scope of this review to present a comprehensive cataloging of these systems or components. Extensive reviews 4, 22, 25, 26) and a monograph 8) have been published detailing the biology and chemistry of TCSs. This minireview provides the molecular mechanism of two signal transduction systems in Escherichia coli K12 which we have clarified: PhoP/PhoQ (Mg 2+ regulon) and EvgA/EvgS which is involved in the expression of the drug efflux pump genes. After discussing these two systems, I briefly summarize the inhibitors of TCSs as a new class of antibacterial agents.
Mg 2+ regulon
PhoP/PhoQ is a TCS that governs virulence, mediates the adaptation to Mg 2+ -limited environments, and regulates numerous cellular activities in several Gram-negative species 7) . It consists of the inner membrane sensor PhoQ (HK) and the transcriptional regulator PhoP (RR). PhoP/ PhoQ is encoded by the phoP locus, which was first identified in Salmonella typhimurium as controlling the expression of a nonspecific acid phosphatase 15) . Mg 2+ is a membrane and ribosomal stabilizer, and is essential in reactions that require ATP. First, Groisman et al. 32) identified a signal transduction pathway that responds to extracellular Mg 2+ . They showed that in Salmonella typhimurium, extracellular Mg 2+ is a stimulus that affects the PhoP/PhoQ system which responds to the levels of Mg 2+ and Ca 2+ , but not to phosphate. PhoP/PhoQ should not be confused with PhoB/ PhoR and PhoP/PhoR, which are TCSs governing the adaptation to phosphate-limiting conditions in E. coli 35) and Bacillus subtilis 10) , respectively.
Homologues of the S. typhimurium PhoP/PhoQ TCS have been isolated from E. coli 6, 12) , and they are found in a number of other Gram-negative bacterial species, both pathogenic and non-pathogenic. To confirm that the primary function of PhoP/PhoQ is the adaptation to Mg 2+ -limit-ed environments, the E. coli PhoP/PhoQ system was investigated 13) . Mg 2+ -responsive genes (phoPQ, mgrB, mgrC, and mgtA) of E. coli were identified using a lambdaplacMu55 phage that was inserted into a bacterial chromosome to fuse a transposon-born lacZ reporter gene to the promoter of a target 13) . PhoPQ, mgrB, mgrC, and mgtA were localized at 26, 41, 72, and 96 min on the E. coli chromosome, respectively. Their expressions were induced only when extracellular Mg 2+ was limited and were abolished by disruption of phoP and phoQ. Asp51 of PhoP and His277 of PhoQ, phosphorylated amino acid residues, were found to be essential for the signaling system 13) . These results suggest that PhoP is phosphorylated by PhoQ under Mg 2+ -limited conditions and then activates the expression of the Mg 2+ -responsive genes including the phoPQ themselves, meaning that the signal transfer through the PhoP/PhoQ system stimulates its own expression (Mg 2+ regulon) (Fig. 2) .
A direct repeat (T/G)GTTTA (PhoP box) was conserved at 35 bp upstream of the transcriptional start site of phoPQ, mgtA, and mgrB 13) . This direct repeat is also found in the phoPQ, mgtA, mgtBC, and pagA promoters of S. typhimurium 13) . In fact, a footprinting and gel shift assay showed that PhoP binds to this direct repeat (PhoP box) 19, 21) . This PhoP box was identified as the Mg 2+ -responsive sequence for the first time. In addition, mgtA encoding the magnesium transporter 24) was found to be specifically transcribed during the logarithmic growth phase, but repressed within 15 min after the addition of 30 mM MgCl 2 13) . These results indicate that the Mg 2+ regulon of E. coli is controlled by PhoP/PhoQ, and that the PhoP-activated genes are required for growth in both solid and liquid Mg 2+ -limited environments (Fig. 2) .
What are the biochemical consequences resulting from Mg 2+ binding to the periplasmic domain of the PhoQ protein? Waldburger et al. 34) constructed a mutant in which a cluster of acidic amino acids (EDDDDAE) in the sensor domain is replaced with uncharged residues (QNNNNAQ). The mutant sensor domain is indistinguishable from the wild-type in terms of the circular dichroism spectrum, however, the mutant showed little activation in PhoP-mediated transcription when cells were starved of Mg 2+ . In S. typhimurium 33) , a polypeptide corresponding to the periplasmic domain (146 amino acid residues) of the PhoQ protein was purified. Mg 2+ altered the tryptophan intrinsic fluorescence of this polypeptides whereas Ba 2+ , which is unable to modulate transcription of PhoP-regulated genes, did not. When a suitable signal(s) is sensed, HK adopts a conformation that is activated (Fig. 1A) or repressed (Fig. 1B) 
EvgA/EvgS system
The EvgA/EvgS system, which is highly homologous to the BvgA/BvgS system of Bordetella pertussis, was previously cloned and identified as a TCS 30) . The N-terminal domain of EvgS (sensor) localizes in the periplasm, and four other domainsa: linker, transmitter, receiver, and output (Hpt) 23, 30) , localize in the cytoplasm (Fig. 3) . The periplasmic domain of EvgS is involved in signal recognition and transduces the signal into the transcriptional regulation network via a cascade of phosphorylation 23) (Fig. 3) . The EvgS protein is an autophosphorylating HK that responds to environmental stimuli and modulates EvgA through a complex phosphorelay: the autophosphorylation of the EvgS transmitter (H721) and subsequent phosphotransfer to Asp1009 in its receiver and further to His1137 in its Hpt domain before phosphorylating EvgA (Asp52) 23, 31) (Fig. 3) . EvgA is a transcriptional control factor that binds to the repeated sequence (TTCTTA) separated by a 15 bp spacer sequence (EvgA box) upstream of the emrKY and evgA promoters 14, 28) (Fig. 3) . The genes emrK and emrY abutting evgA constitute an operon 27) and show high homology to the emrA and emrB that code the multidrug efflux pump. The EvgA box is essential to induce the expression of evgAS, which is positively regulated by its own product, EvgA (Fig. 3) 14,28) . The autoamplification of evgAS may result in "learning" behavior, i.e., the bacteria respond faster or more extensively to a signal when a similar signal has been perceived in the past 9) .
To elucidate what genes are regulated by the EvgA/EvgS system, Kato et al. 14) used a selective scheme to isolate mutants (evgS1 and evgS4) in E. coli that specifically affect the sensory transduction. These mutants contained a singlenucleotide substitution within evgS, resulting in an amino acid replacement and the constitutive expression of the emrKY operon that was repressed in the wild-type cell. The constitutive mutations lock the sensor protein, EvgS, into an active conformation to induce emrKY expression in the absence of environmental signals. These results, therefore, provide the genetic evidence that EvgS is involved in emrKY expression. Furthermore, overexpression of evgA increased not only emrKY expression but also multidrug resistance in E. coli 14, 20) .
These results indicate that the emrKY operon is regulated by EvgA/EvgS; When EvgS accepts a suitable signal, the conformation of a sensor favors its kinase activity, increasing the concentration of phospho-EvgA, which binds to the EvgA box and induces the production of EmrK and EmrY to efflux drug(s) such as deoxycholate (Fig. 3) .
Inhibitors of bacterial signal transduction
Since the 1960's, a wide range of antimicrobials that are both structurally diverse and highly effective have become available. Bacterial resistance to all existing classes of antibacterials/antibiotics has escalated in the last decade. A critical need now exists for antibacterials with new mechanisms of killing bacteria 1, 17) .
Four features in particular make TCSs attractive as potential targets for antimicrobials 1, 17) . First, they are present in most bacteria. For example, E. coli has genes that encode 30 HKs and 32 RRs in its genome, and B. subtilis also has 36 HKs and 34 RRs. However, no TCSs have been found in mammalian genes. Second, the high degree of structural homology in the catalytic domain of HKs and in the receiver domain of RRs suggests that multiple TCSs could be inhibited within a single bacterium, leading to a reduction in chromosomal resistance. As TCSs are found throughout the genomes of Gram-positive and Gram-negative bacteria, a single TCS inhibitor may have a broad spectrum of activity. Third, bacteria contain TCSs that control virulence, drug resistance, and growth 17) . Some TCSs are essential for bacterial viability, for example, RR genes (divK and crtA) in Caulobacter crescentus 11) , mtrA in Mycobacterium tuberculosis 38) , HP166, HP1043, and HP1021 in Helicobacter pylori 2) , and yycF/yycG in B. subtilis 5) , Streptococcus pneumoniae 29) , and Staphylococcus aureus 18) . YycF/YycG is also conserved among other Gram-positive bacteria and considered a novel target for antibacterial agents against multidrug-resistant bacteria. Based on the inhibition of the YycG (histidine kinase) of Bacillus subtilis, newly synthesized imidazole and zerumbone derivatives were examined to identify antibacterial agents. Imidazole derivatives 36) (NH125 and NH127) and the Zerumbone derivative NH0891 16, 37) were found to virtually inhibit the incorporation of phosphate from ATP into YycG. They have antibacterial activity in drug-resistant S. aureus, Enterococcus faecalis, and S. pneumoniae as well as B. subtilis 16, 36, 37) . These results showed a good correlation between growth inhibition of Gram-positive bacteria and inhibition of HK of YycG, indicating that the bacterial signal transduction should be a promising target for antibacterial agents.
